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C but reported temperature depends on choices about how to blend air and 28 water temperature data, handle changes in sea ice and account for regions with missing data. 29
Here we use CMIP5 climate model simulations to estimate how these choices affect reported 30 warming and carbon budgets consistent with the Paris Agreement. By the 2090s, under a low-31 emissions scenario, modelled global near-surface air temperature rise is 15% higher (5 95% 32 range 6 21 %) than that estimated by an approach similar to the HadCRUT4 observational 33 record. The difference reduces to 8% with global data coverage, or 4% with additional removal 34 of a bias associated with changing sea-ice cover. Comparison of observational datasets with 35 different data sources or infilling techniques supports our model results regarding incomplete 36 coverage. From high-emission simulations, we find that a HadCRUT4-like definition means 37 higher carbon budgets and later exceedance of temperature thresholds, relative to global 38 near-surface air temperature. 2 °C warming is delayed by seven years on average, to 2048 39 (2035 2060) , and CO2 emissions budget for a >50% chance of <2 °C warming increases by 67 40 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Framework Convention on Climate Change (UNFCCC), whose Article 2.1(a) expresses a long-term 62 goal of: 63 H C -industrial 64 levels and pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial levels, 65
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A different definitions and available measurement 68 techniques. A related concept is that of a carbon budget, the allowable cumulative carbon dioxide 69 (CO2) emissions consistent with a specified level of peak warming with a particular probability(4 6). 70
The IPCC 5 th Assessment Report (AR5) assessed carbon budgets for various levels of warming in 71 billions of tonnes of carbon (GtC) or of carbon dioxide (GtCO2) based on projections of global near-72 surface air temperature change, which we -73 , from complex Earth System Models (ESMs). In general, climate modelling studies use 74 global-tas, whereas observational records typically combine non-global coverage of near-surface air 75 temperature over land with sea-surface temperature (SST) over oceans into a single timeseries. As it 76 is likely that stakeholders may have diverse interpretations as to what global average temperature 77 refers, here we provide carbon budgets for different definitions of global average temperature, 78 including definitions consistent with current observational products. Three main factors contribute 79 to differences in change between global-tas and observational 80 records. Firstly, there are regions with missing data that may not warm at the global-mean rate. For 81 example, the Arctic is now rapidly becoming warmer and wetter(7), but much of it is commonly 82 excluded due to lack of long-term data(8). Secondly, under CO2-driven global warming, modelled 83 near-surface air temperatures warm more than SSTs(9). Finally, data providers must decide how to 84 account for changes in sea ice. There may be a change from reporting estimated near-surface air 85 temperatures to SSTs where ice has retreated. In the HadCRUT4 dataset(10) this approach probably 86 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
We refer to issues related to 89 --90
One early study accounted for the masking and air-sea blending issues(11), and some studies have 91 accounted for masking but this is not universal. Recently, it was shown that over 1861 1880 to 92 2000 2009, modelled global-tas increased 24 % more than a HadCRUT4-like blended-masked 93 estimate(12). Current observed temperature records should therefore exceed 2°C later than global-94 tas, implying a larger carbon budget if compliance were assessed using one of them. Here we extend 95 this prior work by (i) reporting results to 2099, (ii) calculating carbon budgets using IPCC techniques, 96 (iii) accounting for realistic potential future data coverage and (iv) applying blending and masking to 97 a low-emission scenario. In particular, the addition of a low-emission scenario allows us to 98 determine to what extent temperature definitions matter if policymakers choose to take strong 99 mitigation action. 100 coverage was estimated to be 15 % instead of 24 %(12). Furthermore, with strong mitigation sea-ice 103 cover would be expected to stabilise before 2100, suppressing the future sea-ice blending bias(13). 104
In addition, the long-term warming pattern may differ from the historical pattern, leading to a 105 different effect of coverage bias(14 16). 106
Methods
107
We consider two emission scenarios from the Coupled Model Intercomparison Project, phase 5 108 (CMIP5): the low emissions Representative Concentration Pathway 2.6 (RCP2.6(17, 18)) and the high 109 emissions RCP8.5 (19). Among CMIP5 scenarios, only RCP2.6 has a substantial probability of <2 °C 110 warming so we use it as representative of a world of strong mitigation. This allows us to estimate 111 shifts in the probability of compliance with Paris targets in such a world, and to determine whether 112 the magnitude of blending and masking biases should change substantially in the future. Meanwhile, 113 RCP8.5 is used to estimate carbon budgets in a manner that is comparable with a set reported by the 114 Figure 3) . 126
and then add the effect of SST blending by mixing air temperatures and SSTs before calculating the 128 -N -ice blending by 129 calculating the anomalies in air and ocean temperatures separately before combining them, and call 130 F strict coverage to follow the historical or assumed future 131
HadCRUT4--132
We select all CMIP5 simulations that have continuous historical and RCP2.6 or RCP8.5 runs from 133 1861 2099 inclusive and for which we could obtain the required output fields. These fields are 134 Where is the fraction of the grid cell from which near-surface air temperatures are taken, 142
Each of these is 143 converted into temperature anomaly relative to the local baseline of the same type (i.e. air or 144 water). After the local anomalies are calculated, the grid points are then averaged with a spherical 145 Earth area weighting. For global-tas, always, while for blended series is the fraction 146 of land plus sea ice within the grid cell. For airis fixed based on the 147 initial sea ice extent whereas for fully blended the sea-ice fraction changes depending on the 148 monthly sea ice concentration. 149 Table 3 and Supplementary Figure 4) . 166
In RCP2.6 the air-sea blending bias stabilises and begins to decrease in the last ~70 years of the 167 simulations while Figure 1(c) shows that the sea-ice-blending and masking biases increase with 168 global-tas throughout the series, but at a much slower rate than under RCP8.5. This suggests that 169 the temperature stabilisation reduces sea-ice loss and its contribution to reported temperature bias. 170
Similarly, the errors bars in Figure 1 (b) show that uncertainty introduced by sea ice change is smaller 171 under RCP2.6. 172
However, temperature bias still continues to grow with time in RCP2.6, and Figure 2 demonstrates 173 that the masking bias component is likely dominated by the warming at high northern latitudes, 174 which tend to warm much more than the global average and are poorly sampled. 175 Table 1 contains the ensemble median and 5 95 % range for RCP2.6 and RCP8.5 temperature 176 changes over periods spanning the past (1861 1880), present (2007 2016) and future (2090 177 2099) . Under RCP2.6, the percentage of simulations consistent with 2 °C warming increases from 75 178 % for air-sea blended (the same as for global-tas) to 90 % for blended-masked. Percentage blended-179 masked bias is calculated separately for each simulation and the median and ranges of these 180
Page 6 of 16 AUTHOR SUBMITTED MANUSCRIPT -ERL-104548. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 2 correspond to cumulative CO2 emissions since 1870 until the point of exceeding 1.5 °C or 2 211 °C warming (a threshold exceedance budget or TEB(22, 27)) under RCP8.5 (see Methods). The IPCC 212 AR5 results are also included for comparison, and differ somewhat since they include EMIC runs and 213 were reported to the nearest 50 GtCO2, or approximately 13.6 GtC. 214
For the blended-masked timeseries the 1.5 °C and 2 °C thresholds are reached a median 7 8 years 215 later than for global-tas under this high-emission scenario. This has implications for carbon budgets, 216 with the TEB for which 50 % of the ESMs have warming below 1.5 °C increasing by 53 GtC (194 217 GtCO2) and 67 GtC (246 GtCO2) for the 2 °C threshold. 218
The IPCC carbon budgets were reported relative to 1870, but policymakers require up-to-date 219 guidance to inform discussions related to the Paris Agreement. We therefore also calculate the 220 remaining post-2015 carbon budget based on the ESM ensemble after adjusting for observed 221 warming through 2015 following the approach of Millar et al. (2017, (28) ). For example, given that 222
HadCRUT4 shows approximately 0.9 °C human-induced warming to 2015, another 0.6 °C results in a 223 total of 1.5 °C. In our ESM simulations, the remaining blended-masked carbon budget with a >66 % 224 chance of <0.6 °C warming post-2015 is 246 GtC. However, if Berkeley Earth were to be used, then 225 historical human-induced warming is greater. It would also likely show greater future warming for a 226 given quantity of CO2 emissions too as Berkeley better approximates air-sea blended temperatures 227 rather than the blended-masked approach of HadCRUT4. We estimate the remaining 1.5 °C budget 228 at near 161 GtC in that case (see Supplementary Table 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t climate models, will be used, we show how 238 increase the policy-relevant carbon budgets for 2 °C relative to the global air-temperature budgets 239
given by IPCC-AR5 (see Table 2 Biases associated with incomplete data coverage and the blending of air and water data both 258 suppress reported warming relative to global near-surface air temperatures. Our analysis and results 259 in Table 1 indicate that these biases will tend to be smaller in future provided that the improved 260 data coverage of recent decades is maintained. Furthermore, under a scenario of strong mitigation, 261 the differences introduced by the retreat of sea-ice are marginally smaller than under high emissions 262 where sea ice retreat is more pronounced. 263 key that policy-makers unambiguously elucidate how they intend to measure global temperatures in 271 the context of the Paris Agreement to enable the most useful mitigation advice to be provide by the 272 scientific community. If pure observation-based timeseries are used then further efforts for data-273 recovery in data-sparse regions would help, as would more long-term stations at high latitudes. In 274 addition, the sea-ice blending effect is a non-physical artefact of algorithm design and it should be 275 possible to account for this in future datasets. However, the long-term air-sea blending effect is 276 difficult to verify due to the lack of robust, homogenised and long-term collocated air-SST ocean 277 data, and its lack of measurability may justify the definition of global-average temperature as being 278 an air-sea blended value. Under this definition, potential blending biases are reduced to an 279 equivalent of an apparent 2 3 year delay in exceeding temperature targets, instead of the 7 8 280 years for a fully blended-masked series. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t (5456) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Conclusion
